We report the analysis of three open reading frames of Salmonella typhimurium LT2 which we identified as rfaF, the structural gene for ADP-heptose:LPS heptosyltransferase II; rfaD, the structural gene for ADP-Lglycero-D-manno-heptose-6-epimerase; and part of kbl, the structural gene for 2-amino-3-ketobutyrate CoA ligase. A plasmid carrying rfaF complements an rfaF mutant of S. typhimurium; rfaD and kbl are homologous to and in the same location as the equivalent genes in Escherichia coli K-12. The RfaF (heptosyl transferase II) protein shares regions of amino acid homology with RfaC (heptosyltransferase I), RfaQ (postulated to be heptosyltransferase III), and KdtA (ketodeoxyoctonate transferase), suggesting that these regions function in heptose binding. E. coli contains a block of DNA of about 1,200 bp between kbl and rfaD which is missing from S. typhimurium. This DNA includes yibB, which is an open reading frame of unknown function, and two promoters upstream of rfaD (P3, a heat-shock promoter, and P2). Both S. typhimurium and E. coli rfaD genes share a normal consensus promoter (P1). We postulate that theyibB segment is an insertion into the line leading to E. coli from the common ancestor of the two genera, though it could be a deletion from the line leading to S. typhimurium. The G+C content of the rfaLKZYJI genes of both S. typhimurium LT2 and E. coli K-12 is about 35%, much lower than the average for enteric bacteria; if this low G+ C content is due to lateral transfer from a source of low G+C content, it must have occurred prior to evolutionary divergence of the two genera.
todeoxyoctonate [KDO]) units followed by two units of heptose; the outer core region and the 0 antigen are attached to one of the heptose units ( Fig. 1) .
Mutants which are lacking the 0 antigen and the outer core components are viable and not much reduced in growth rate in culture, though they are nonvirulent. However, deep-rough mutants affected in the heptose region of the inner core often show reduced growth rate, sensitivity to elevated temperature (7) , and hypersensitivity to detergents and hydrophobic antibiotics (28) . Mutants defective in lipid A or KDO synthesis have been isolated only as conditional lethals.
Several genes for synthesis of the inner core region have been identified. Two genes, rfaC and rfaF, are identified for heptosyl transferases for transfer of heptose from ADP-heptose to the inner core. ADP-heptose:LPS heptosyltransferase I (hereafter called heptosyltransferase I) is encoded by the rfaC gene; an rfaC mutant of S. typhimurium, which does not transfer heptose from ADP-heptose to lipid-(KDO)2-IVA, was complemented by the cloned gene (47) . rfaC was also cloned from E. coli (8) . The gene rfaF was inferred to determine heptosyltransferase II because rfaF mutants of S. typhimurium make LPS with only one heptose unit attached to KDO (25, 50) and because the same rfaF mutants synthesize ADPheptose (47) , but detailed molecular studies have not been reported. A third gene may be required for transfer of the third heptose to the LPS; rfaQ has been postulated for this function, on the basis of nucleotide sequence homology with rfaC and rfaF (45) .
Two genes for synthesis of ADP-L-glycero-D-manno-heptose (rfaD and rfaE) have been identified. The rfaD gene of E. coli encodes ADP-L-glycero-D-manno-heptose-6-epimerase, which converts ADP-D-glycero-D-manno-heptose to ADP-L-glycero-Dmanno-heptose (9, 30) ; rfaD is also known as htrM and is required for viability of E. coli at high temperature (32) . (Hereafter we refer to this gene as rfaD and to the enzyme as heptose epimerase.) A mutant of S. typhimurium produces LPS containing some D-glycero-D-manno-heptose and was inferred to be an rfaD mutant (20) . The second proposed gene for synthesis of ADP-heptose is rfaE in S. typhimurium (50) . An rfaE mutant (50) 
MATERIALS AND METHODS
Strains and bacteriological methods. The strains used in this study are summarized in Table 1 ; all are S. typhimurium LT2 unless indicated otherwise. The strains were maintained at -70°C in 15% glycerol as described previously (43) . Cells were routinely cultured in L broth (21) , Luria-Bertani broth, or 2XYT medium (27) . Antibiotics when required were added at the following final concentrations (in micrograms per milliliter): ampicillin, 50; tetracycline, 25; streptomycin, 200. Modified minimal Davis medium was the defined medium (42) . For solid media, Difco Bacto Agar was added to a final concentration of 1.5%. Incubation was at 37°C unless stated otherwise. For screening the lambda library, cells were grown in lambda agar (11) . M9 medium (27) supplemented with 1% glucose, and 1% methionine assay medium (Difco) was used for protein radiolabelling.
Genetic transformation. Transformation was by calcium chloride-heat shock methods of MacLachlan and Sanderson (24) or by electrotransformation methods of Dower et al. (12) as modified by Binotto et al. (2) .
The genomic library. The source of cloned genes was a genomic library, consisting of S. typhimurium LT2 DNA partially digested with Sau3A and ligated into the BamHI site of the vector X1059. The library was obtained from R. Maurer (26) and is distributed from the Salmonella Genetic Stock (14) . ( . Genes in parentheses were cloned on the plasmids in panel A, but the nucleotide sequence is not known. The sequences of kbl, rfaD, and rfaF are from this study. (C) The DNA from a plaque from a library of S. typhimurium fragments cloned into X1059 (26) was cloned into pBluescriptKS+ in both orientations in pKZ106 and -107, as illustrated by pT3 and pT7, the T3 and T7 promoters in pBluescript. These plasmids complement a mutation rfaF to restore normal LPS (+); -, failure to complement. Deletions of the plasmids were made to construct the plasmids from pKZ108 to pKZ154. The restriction sites in the insert DNA are shown; the other restriction site is in the vector. The source of DNA for constructing the plasmid is indicated in parentheses after the name of the plasmid (e.g., pKZ108 was constructed from pKZ106 by digestion of the BglII site in the insert and the BamHI site in the vector and religated).
Centre, University of Calgary. Phage carrying rfa genes were detected as described earlier (47) .
Gel electrophoresis of LPS. LPS isolation, proteinase K digestion, and silver staining of gels was as described by Hitchcock and Brown (13) . LPS was separated in 12% acrylamide gels containing sodium dodecyl sulfate (SDS) (19) by using Tris glycine buffer, pH 8.3.
Plasmid isolation and cloning, DNA sequencing, and protein labelling. Plasmid isolation and cloning, DNA sequencing, and protein labelling methods were as described by Sirisena et al. (47) . DNA sequence was determined by the dideoxy chain termination method (44 T7 promoter-mediated gene expression. T7 promoter-mediated gene expression was done by using plasmid pGP1-2 in strain DLT111 according to the methods of Tabor and Richardson (49) as described earlier (47) .
RESULTS
Cloning the rfaF and rfaD genes. The following plasmids carry rfa genes of S. typhimurium at the clockwise or pyrE end of the rfa cluster: pKZ84 (rfaC) (47); pKZ38 (rfaLKZY) (23) ; and pKZ15, -26, and -27 (rfaJIBG) (14) . A partial restriction map derived from analysis of these plasmids and the location of the genes in this region is shown in the 10-to 25-kb region in Fig. 2A (Fig. 2C ). pKZ106 and -107 were transformed into LB5010, a restriction-deficient strain of S. typhimunium, and DNA from these derivatives was used to transform other S. typhimurium strains. Both plasmids complemented the rfaF mutation in S. typhimurium, restoring the smooth phenotype (data not shown). Deletions of these plasmids were constructed by digestion with restriction enzymes which cut once in the multiple cloning site of the vector and one or more times in the insert; these plasmids are illustrated in Fig. 2C . These deletions show that rfaF complementation requires the SacI-ClaI region at the right end. pKZ113 restores near wild-type LPS to SA3670 (rfaF511 recAl). The complemented strain has the same phage sensitivity as an rfa+ strain (P22S FOS Ffmr), is resistant to the hydrophobic agents sodium deoxycholate and nafcillin (Table 2) , and has the wild-type LPS profile on SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 3) , but the strain is slightly more sensitive to novobiocin than an rfa + strain ( dDetermined with disks containing the indicated amount of the compound. These disks were placed on the bacterial lawns prepared with cultures grown to mid-log phase, incubated at 37'C, and the size of the inhibition zone was measured from the edge of the disk to the edge of the zone of inhibition. NaDoc, sodium deoxycholate;
Novo, novobiocin; Naf, nafcillin. The MIC was the highest concentration of antibiotic in which the cells grew in Luria-Bertani broth.
S, inability to grow on L agar containing 0.1% sodium deoxycholate (sensitivity); R, ability to grow (resistance).
f NT, not tested.
For S. typhimurium, the region from bp 1 to 2070, shown as a shaded box in Fig. 4 , is previously unreported data from the genes kbl, rfaD, and rfaF (described in'GenBank as STYR FADF, accession no. U06472). By linking previously reported data from the 3' end of rfaF to the right, as illustrated in Fig.   4 , a continuous meld of' ca. 10,162 bp was constructed as described in the legend to Fig. 4 . A meld of sequence over the same' region of E. coli was assembled by Kenn Rudd at the National Library of Medicine, National Institutes of Health (also shown in Fig. 4 ). The rfaF gene in S. typhimurium is 80% identical to the E. coli rfaF at the nucleotide level and 95% similar at the amino acid level (Fig. 4 and 5 ). Just upstream in E. coli is rfaD, previously identified by LPS and enzymatic studies (30) (310 amino acids) and 86% identical and 97% homologous at the nucleotide and amino acid levels, respectively.
Expression of the rfa genes in the T7 gene expression system. Plasmids were transformed into strain DLT111 carrying plasmid pGP1-2, and protein expression in the presence of rifampin, under the control of the T7 promoter, was measured. Plasmid pKZ113, which complements an rfaD mutant (Table  2) , carries the entire rfaF gene but only the 3' part of rfaD. This plasmid expresses a 36-kDa protein under control of the T7 promoter; 'the size of the RfaF protein determined from nucleotide sequence data is 39,000 Da (data not shown).
DISCUSSION
The following data indicate that the ORF upstream of rfaC (to the left in Fig. 6 ) is the rfaF gene, coding for heptosyltransferase II. (i) Plasmid pKZ113, which carries the SacI-ClaI fragment cloned into pBluescriptKS+, has the complete rfaF ORF but only the 3' part of rfaD (Fig. 2) ; this plasmid gives almost complete complementation of an rfaF mutant (Table 2 ; Fig. 3). (ii) pKZ154, deleted for part of the ORF, did not complement rfaF. (iii) Plasmid pKZ113 produced a protein with gel mobility equivalent to 36 kDa, close to the size inferred from the nucleotide sequence. This gene shows 80% identity at the nucleotide level and 95% similarity at the amino acid level (Fig. 4) to the equivalent E. coli sequence (45) , indicating that they are homologous genes.
The identity of rfaD as the structural gene for heptose-6-epimerase is by sequence homology (86% at the nucleotide level) (Fig. 4) and location (upstream of rfaF) with rfaD of E. coli, which was shown earlier to complement an rfaD mutant and to be deficient in epimerase activity in cell extracts (30 (Table 3 ). In addition, the RfaC and RfaF proteins of S. typhimurium share regions of sequence homology (Fig. 5) , with a 49% similarity index ( (23), and STRFAIJ (6).
A number of changes were made in the STRFAIJ sequence to achieve more complete agreement with the E. coli sequence. The numbers at the ends of the bars indicate the bases used to form this meld; thus, the total length can be determined by adding the number of nucleotides in the bars. The region is shown approximately to scale. The entire meld is designated kbl-styM (analogous to naming conventions used by Kenn Rudd for E. coli; see below). The E. coli data are based on a 22-kb contig spanning this region, designated tdh-ecoM, as part of the EcoSeq6.0 data base assembled by Kenn Rudd (38a). The constituent sequence blocks are illustrated as for S. typhimurium. A putative frameshift mutation was corrected in ECORFA2. Other errors may exist in the E. coli data; conflicting sequence information has been published for the diagrammed region.
The functions of the genes are described in this article or by Schnaitman and Klena (45) . rfaK, -L, -Y, and -Z determine N-acetylglucosamine transferase, 0-antigen ligase, or unknown LPS functions, respectively (15, 23) . The genes for both organisms are boxed, with the orientations, based on sequence, indicated by arrows. The number of amino acids in each gene and nucleotide identities and amino acid similarities on the basis of analysis with Genetics Computer Group programs are given. The number of amino acids in rfaF of E. coli is shown in parentheses since a consensus length could not be concluded from the published sequence.
presumably based on their closely related enzymatic functions. The RfaC and RfaF proteins show significant similarity to RfaQ of E. coli K-12 (Table 3) , postulated to be heptosyltransferase III by Schnaitman and Klena (46) , and to KdtA (ketodeoxyoctonate transferase). Thus, these four proteins are a family of sugar transferases, all of which act on the lipid A-inner core region. The chromosomes of S. typhimurium LT2 and E. coli K-12 are similar in overall structure and gene arrangement (1, 10, 17, 37, 39) and in genome size (22) . There are base pair changes in homologous genes; the homology reported in Fig. 4 (ranging from 66 to 86% identity at the nucleotide level and 81 to 97% similarity at the amino acid level for rfaDFCZY) resembles other gene pairs in these genera, though rfaK and rfaL show rather less homology. Insertions and deletions of large blocks of genetic material have occurred in the linkage maps (36, 37) . Even within regions with high homology, rearrangements of small blocks of DNA (around 1 kb) can occur (16) . We found a 1.2-kb insertion in E. coli K-12 between rfaD and kbl (the structural gene for 2-amino-3-ketobutyrate CoA ligase) (33), missing from S. typhimurium LT2, at bp 599 of the homologous S. typhimurium sequence (Fig. 4 and 6 ). This insertion contains yibB, a 1-kb ORF of unknown function for which a BLAST search of the Swiss-Prot (release 25) and GenBank (release 76) data bases showed no similarity to sequenced proteins, and two additional rfaD promoters. Thus, in addition to a consensus sigma-70 promoter (P1 in Fig. 6 heat shock promoter (P3) (32) . All three promoters are functional and at least one of P2 and P3 is required for full expression of rfaD activity under normal growth conditions (32) . Since the S. typhimurium rfaD gene has only the sigma-70 (P1) promoter, differences in gene expression in rfaD of S.
typhimurium and E. coli are predicted. We suggest that theyibB segment was inserted into the line leading to E. coli following the divergence of E. coli and S. typhimurium, postulated to be over 100 million years ago (29) . The G+C content of the yibB region (33%) is low relative to that of flanking genes (Fig. 4) and to the genomic average of 53%. We could use this to support the insertion hypothesis that yibB DNA entered E. coli by lateral transfer from a species of low G+C content and that the G+C content has not yet been adjusted to the normal level for enteric bacteria; arguments of this type were used for lateral transfer of the rib genes (3, 4, 34) . However, these arguments may be flawed. A sharp transition from the normal level (above 50%) in rfaDFC to a lower level (about 35%) occurs at rfaL and for all genes shown to the right in both E. coli and salmonella (Fig. 4) . The fact that many of the rfa genes have retained a low G + C content in both S. typhimurium and E. coli over the 100 million years since their divergence (29) indicates either that the change of G+C content is slow or that there is selective pressure which retains DNA of low G+C content in these specific genes for LPS synthesis. If there is such a selective pressure, low G+C content would not indicate recent lateral transfer from a species of low G+C content. Further studies will be necessary to distinguish between these two hypotheses. 
